Lipotoxicity caused by saturated fatty acids (SFAs) induces tissue damage and inflammation in metabolic disorders. SCD1 (stearoyl-coenzyme A desaturase 1) converts SFAs to mono-unsaturated fatty acids (MUFAs) that are incorporated into triglycerides and stored in lipid droplets. SCD1 thus helps protect hepatocytes from lipotoxicity and its reduced expression is associated with increased lipotoxic injury in cultured hepatic cells and mouse models. To further understand the role of SCD1 in lipotoxicity, we examined the regulation of Scd1 in hepatic cells treated with palmitate, and found that NR1H/LXR (nuclear receptor subfamily 1 group H) ligand, GW3965, induced Scd1 expression and lipid droplet formation to improve cell survival. Surprisingly, ULK1/ATG1 (unc-51 like kinase) played a critical role in protecting hepatic cells from SFA-induced lipotoxicity via a novel mechanism that did not involve macroautophagy/ autophagy. Specific loss of Ulk1 blocked the induction of Scd1 gene transcription by GW3965, decreased lipid droplet formation, and increased apoptosis in hepatic cells exposed to palmitate. Knockdown of ULK1 increased RPS6KB1 (ribosomal protein S6 kinase, polypeptide 1) signaling that, in turn, induced NCOR1 (nuclear receptor co-repressor 1) nuclear uptake, interaction with NR1H/LXR, and recruitment to the Scd1 promoter. These events abrogated the stimulation of Scd1 gene expression by GW3965, and increased lipotoxicity in hepatic cells. In summary, we have identified a novel autophagy-independent role of ULK1 that regulates NR1H/LXR signaling, Scd1 expression, and intracellular lipid homeostasis in hepatic cells exposed to a lipotoxic environment.
Introduction
Lipotoxicity is a characteristic feature of metabolic syndrome that results from the overaccumulation of SFAs and their toxic metabolites in nonadipose tissues such as liver, kidneys, pancreas, heart and skeletal muscle. This overaccumulation leads to metabolic changes and tissue damage that can lead to disorders such as diabetes and nonalcoholic steatohepatitis (NASH). [1] [2] [3] [4] [5] [6] [7] At the cellular level, SFAs induce lipotoxicity by increasing ER stress and apoptosis. 2, 8 To counteract lipotoxicity, cells employ 2 major methods: b-oxidation of FAs in mitochondria and/or storage of FAs within neutral LD(s) (lipid droplets). [9] [10] [11] Failure of either of these processes enables FAs to be converted to toxic lipid intermediates such as diacylglycerol, ceramides and fatty acyl-CoAs that can impair cellular function and decrease cell viability. 7, 12 The process of shuttling SFAs into neutral LDs requires the action of SCD1, an endoplasmic reticulum iron-containing microsomal enzyme required for endogenous formation of MUFAs from SFAs substrates. 13 Recent in vivo studies have shown that SCD1 is a critical determinant of lipotoxicity in liver, pancreas, heart and muscles that are challenged with lipid overload. [14] [15] [16] [17] [18] [19] Scd1 mRNA expression is regulated by exercise, intraceullar concentrations of SFAs and cholesterol, as well as by ligands for nuclear receptors such as NR1H/LXRs. 20 Ligand-bound NR1H/LXRs increase the transcription of Scd1 gene by directly binding to its upstream promoter. 21 In this regard, NR1H/LXR ligands have been shown to reduce lipotoxicity in human arterial endothelial cells by increasing Scd1. 16 Autophagy is a conserved cellular catabolic process that provides energy during starvation. In autophagy, a set of autophagy gene products works in concert to promote autophagic flux through key processes such as autophagosome biogenesis, lysosomal fusion, and cargo degradation. 22 The role of autophagy in lipotoxicity is unclear as conflicting results have been reported. Autophagy commonly provides protection against lipotoxicity induced by SFAs; [23] [24] [25] however, paradoxically it also can worsen the effects of lipotoxicity in certain cell types. 26, 27 Similarly, there currently is debate over the effects of autophagy on cellular lipid metabolism. In this connection, autophagy has been shown to both degrade [28] [29] [30] [31] and assemble lipid droplets. [32] [33] [34] [35] Furthermore, the role(s) of individual autophagy-related (ATG) proteins in cellular lipid metabolism during lipotoxicity is not well understood.
ULK1/ATG1 is the only kinase within the ATG family of proteins, and is an important component of the AMP-activated protein kinase (AMPK) and MTOR kinase pathways to sense and regulate cellular energy balance. [36] [37] [38] [39] Although ULK1 is critical in mediating starvation-induced general autophagy, it is also an important regulator of selective types of autophagy such as mitophagy. 40, 41 Interestingly, several nonautophagic functions of ULK1 have been recently discovered, [42] [43] [44] [45] suggesting that it may have a broader role in cellular signaling in addition to autophagy.
In this manuscript, we describe for the first time that ULK1 has an autophagy-independent role in cellular lipid homeostasis and lipotoxicity by virtue of its regulation of Scd1 expression. Silencing Ulk1 in hepatic cells leads to phosphorylation of RPS6KB1, intranuclear localization of the corepressor NCOR1, and repression of NR1H/LXRmediated transcription of the Scd1 gene. This, in turn, leads to decreased lipid droplet formation and increased lipotoxicity upon palmitic acid (PA) exposure. Thus, our results show a novel and important role of ULK1 in hepatocellular lipid partitioning and homeostasis.
Results

NR1H/LXR ligand, GW3965 protects hepatic cells from lipotoxicity by inducing Scd1 expression, and lipid droplet formation
There are 2 isoforms of NR1H/LXRs, NR1H3/LXRa and NR1H2/LXRb, that are activated by oxysterols; 46 however, synthetic ligands such as GW3965 also can bind to NR1H/LXRs with high selectivity and potency in vitro. The efficacy of this NR1H/LXR agonist in preventing lipotoxicity by SFAs in hepatic cells was examined in AML-12 cells (immortalized adult mouse hepatocytes) exposed to palmitic acid. Our results showed that GW3965 significantly inhibited PA-induced cell death (Fig. 1A) . The nature of PA-induced cell death was apoptotic and was confirmed by analysis of the sub-G 1 peak (Fig. 1B) , cleavage of CASP3 (Fig. 1C, D) , TUNEL staining (Fig. S1A) , and electron microscopy ( Fig. S1B) . Other known cellular effects of PA toxicity such as lipid peroxidation and ER stress also were rescued by GW3965 (Fig. S2A, B ). In parallel with these protective effects, GW3965 increased lipid droplet (LD) formation in PA-treated cells when observed with a lipophilic dye, BODIPY 493/503 (Fig. 1E ). GW3965 also induced mRNA expression of the lipogenic genes Scd1 and Fasn in the presence of PA (Fig. 1F) .
Using specific knockdown of NR1H/LXR-induced genes such as Fasn and Scd1, we inferred that SCD1 activity was the major regulator of NR1H/LXR-induced LD accumulation in response to PA (Fig. S3A, B) . These results were further supported by the relatively greater accumulation of LD in response to oleate-loading compared to PA-loading (Fig. S3A) , suggesting that unsaturated fatty acids are preferred over saturated ones in the formation of LDs. In this connection, SCD1 has been shown to protect against lipotoxicity in other cell types. 17 In order to confirm that SCD1 expression was necessary for GW3965-mediated protection, we knocked down Scd1 by siRNA or used a SCD1 enzymatic inhibitor in cells that were treated with PA in the absence or presence of GW3965. Our results showed that both gene silencing of Scd1 and its pharmacological inhibition completely ablated the anti-apoptotic effect by GW3965 in PA-treated cells ( Fig. 2A, B and Fig. S4A, B) . Additionally, we observed that the increased formation of LDs in control siRNA-treated cells exposed to PA and GW3965 was significantly reduced in Scd1 K D cells (Fig. 2C) . To confirm that formation of LDs actively participated in cytoprotection from PA and were not passive bystanders, we knocked down Dgat1 (diacylglycerol O-acyltransferase 1), which encodes a rate-limiting enzyme in LD formation. Our results proved that formation of LDs was critical to GW3965-mediated protection ( Fig. S5A-C) because the action of Dgat1 is downstream of SCD1 activity, and is not known to be directly regulated by NR1H/LXR. Taken together, these results showed that the NR1H/LXR agonist GW3965 protected against PA-induced lipotoxicity; moreover, this protection required GW3965 stimulation of Scd1 expression and LD formation.
ULK1 is required for induction of Scd1 expression and protection by GW3965 in PA-treated cells
Although the role of autophagy in lipotoxicity has been studied extensively, [23] [24] [25] little is known about the effects of specific autophagic proteins on lipotoxicity. Moreover, the relative contributions and crosstalk between autophagy and autophagic proteins in counteracting lipotoxicity are not known. Using a public database, we found that gene expression of Ulk1 was significantly downregulated in patients with NASH (Fig. S6) , a condition that is associated with increased lipotoxicity in liver. Accordingly, we examined the cell autonomous effects of ULK1/ATG1 on lipotoxicity. In addition to inhibiting autophagy, we found that loss of ULK1 also significantly inhibited GW3965-mediated induction of SCD1 leading to increased lipotoxicity (as measured by CASP3 cleavage) in AML-12 cells (Fig. 3A, B) . The effect of Ulk1 K D on GW3965-mediated induction of SCD1 expression was confirmed using 3 different Ulk1 siRNAs (Fig. S7A) . We further verified these results in primary mouse hepatocytes, which also exhibited impaired induction of Scd1 mRNA by GW3965 when Ulk1 was knocked down (Fig. S7B, C) . To observe whether the effect on gene expression of Ulk1 K D was specific to Scd1, we analyzed the expression of several other NR1H/LXR target lipogenic genes such as Fasn and Srebf1/Srebp1c. qRT-PCR results revealed that loss of Ulk1 significantly decreased the gene expression of Scd1 and Fasn but had only a moderate effect on Srebf1 (Fig. 3C-E) . Additionally, microarray-based pathway analysis of cells treated with Ulk1 siRNA vs. control siRNA did not show any impairment in the expression of genes involved in other classical NR1H/LXR-regulated targets such as ABC transporter (ATP-binding cassette transporter) genes (Table S1 ). These results strongly suggested that Ulk1 K D primarily affected the transcription of a selected lipogenic genes and did not cause a global impairment of NR1H/LXR-mediated transcriptional activity. In further support of this notion, we observed that the LD accumulation in hepatic cells treated with control siRNA and exposed to GW3965 and PA was reduced in Ulk1 K D cells (Fig. 3F) . Collectively, these results confirmed that loss of Ulk1 expression impaired the induction of Scd1 mRNA and formation of LDs by GW3965 in PA-treated cells, resulting in increased lipotoxicity. We also found similar effects of Ulk1 K D on SCD1 induction and protection from lipotoxicity by GW3965 in mouse C2C12 myoblast cells (data not shown) suggesting that ULK1 also had a similar role in protecting other cell types from lipotoxicity. ULK1 regulation of NR1H/LXR-mediated induction of Scd1 expression requires its kinase domain but is independent of its autophagic function ULK1 is a kinase that promotes autophagic activity by phosphorylating other ATG proteins. However, mutant ULK1 that lacked kinase activity has been also shown to exert other effects on cellular functions. 47 To determine whether the kinase activity of ULK1 was necessary for its effect on SCD1 expression, we used a recently described ULK1/2 inhibitor MRT0068921 to block its kinase activity. 48 This small molecule inhibitor previously was shown to interfere with the kinase activity of both ULK1 and ULK2 in vitro. 48 Our results demonstrated that the kinase domain of ULK1 was essential for SCD1 regulation since MRT0068921 significantly reduced the induction of SCD1 protein levels by GW3965 (Fig. 4A, B) . Ulk2 K D by siRNA also partially reduced the induction of SCD1 protein by GW3965 (Fig. S8 ). This reduced effect of Ulk2 in comparison to Ulk1 K D could be due to lower endogenous expression levels of Ulk2 than Ulk1 in AML-12 cells. Additionally, we observed that overexpression (OE) of wild-type (WT) Ulk1 rescued the effect of Ulk1 K D on GW3965-induced SCD1 protein levels and cell survival in hepatic cells, thus providing further evidence indicating that ULK1 kinase activity had a critical role in SCD1 expression ( Fig. 4C-E ).
Effects of ULK1 K D on GW3965-mediated Scd1 expression are autophagy independent
We next asked whether the effects of ULK1 on Scd1 expression and cytoprotection from PA were mediated by autophagy. Interestingly, the knockdown of other autophagic proteins such as RB1CC1/FIP200 (RB1-inducible coiled-coil 1) and BECN1 (Beclin 1, autophagy related) behaved similar to ULK1 knockdown, by decreasing GW3965-mediated protection from PA toxicity (Fig. 5A, B ). In contrast, the effect on GW3965-mediated Scd1 expression and LD formation only occurred with loss of Ulk1 (Fig. 5C, D and Fig. S9A , B). These findings suggested that although the autophagic function of ULK1 and other autophagic proteins are needed for protection from PA-induced lipotoxicity, ULK1 regulation of Scd1 and LD formation is an additional protective mechanism that is independent of autophagy. To demonstrate that ULK1s effect on expression of Scd1 was critical to its role in the protection against lipotoxicity, we overexpressed Scd1 in ULK1-knockdown cells, and could also partially rescue the deleterious effects of Ulk1 K D on GW3965 induction of LD accumulation and lipotoxicity ( Fig. 6A-C) .
Loss of RPS6KB1 rescues NR1H/LXR-mediated induction of Scd1 mRNA expression in ULK1-deficient cells
Because our results suggested ULK1 regulation of SCD1 was independent from autophagy, we examined signaling pathways known to be regulated by ULK1 activity. ULK1/Atg1 previously was shown to negatively regulate MTORC1-RPS6KB1 signaling in yeast and mammalian cells. [49] [50] [51] We confirmed these findings in AML-12 cells by showing decreased phosphorylation of RPTOR and increased phosphorylation of RPS6KB1 in Ulk1 K D cells (Fig. 7A-D) . Of note, the phosphorylation of another MTORC1 target, EIF4EBP1 also was increased in Ulk1 K D cells (data not shown).
RPS6KB1 activity has been previously associated with modulation of nuclear receptor signaling.
52,53 Therefore, we next examined whether increased RPS6KB1 activity was involved in downregulating NR1H/LXR activity in these cells. Accordingly, we knocked down Rps6kb1 by siRNA in Ulk1-deficient cells and checked whether induction of SCD1 protein by GW3965 was affected. Indeed, knockdown of Rps6kb1 rescued the induction of SCD1 expression in Ulk1-deficient cells treated with GW3965 (Fig. 7E, F) . Furthermore, concomitant with the increase in SCD1, Rps6kb1 K D also restored the cytoprotective effect of GW3965 against PA-induced lipotoxicity in Ulk1 K D cells as evidenced by decreased cleaved CASP3 (Fig. 7E, F) and formation of lipid droplets (Fig. S10) . However, to our surprise, specific pharmacological inhibition of RPS6KB1 activity, but 
not inhibition of pan-MTOR activity, rescued the effect of Ulk1 K D on GW3965-induced SCD1 expression (Fig. S11) . Taken together, our findings showed that increased RPS6KB1 activity played a major role in the inhibition of NR1H/LXR-mediated induction of Scd1 transcription and the increased apoptosis caused by loss of Ulk1 expression in a lipotoxic condition.
RPS6KB1 stimulates NCOR1 nuclear localization and interaction with NR1H/LXR in Ulk1-deficient cells MTORC1-RPS6KB1 signaling previously was shown to inhibit PPARA/PPARa (peroxisome proliferator activated receptor a) transcriptional activity by increasing its interaction with the nuclear corepressor NCOR1. 52, 53 Besides its ability to repress PPARA-mediated transcription, NCOR1 also is a potent repressor of NR1H/LXR-mediated transcription. 20, 54, 55 Since RPS6KB1 was activated when Ulk1 was knocked down, we examined whether a similar repression of NR1H/LXR target genes by NCOR1 could occur in Ulk1 K D cells. Indeed, we observed that NCOR1 nuclear localization was increased in Ulk1 K D cells compared to control cells based upon immunoblotting of nuclear fractions and immunofluorescence of NCOR1 in Ulk1 K D cells (Fig. 8A, B) . Strikingly, this effect of Ulk1 K D on NCOR1 nuclear recruitment was lost when Rps6kb1 was knocked down (Fig. 8A-C) . These results were consistent with earlier reports showing the direct involvement of Rps6kb1/2 in increasing NCOR1 nuclear translocation. 52, 53 We then performed coimmunoprecipitation experiments to examine intracellular NCOR1 and NR1H/LXR interaction. Interestingly, our results showed increased interaction between NR1H3/LXRa and NCOR1 in Ulk1 K D cells (Fig 9A,B) . These results were further strengthened by ChIP-qPCR analysis showing increased recruitment of NCOR1 to the region spanning the NR1H/LXRE within the Scd1 gene promoter in Ulk1 K D cells (Fig. 9C) . These findings suggested that increased NR1H3/LXRa¡NCOR1 interaction could lead to repression of Scd1 transcription.
Ncor1 K D rescues inhibition of NR1H/LXR-mediated induction of Scd1 and lipotoxicity in Ulk1-deficient hepatic cells Because NCOR1 is a common repressor of several nuclear receptors, we wanted to confirm whether its interaction with NR1H/ LXRs mediates its effects on Scd1 transcription. To do so, we transfected either WT Ncor1 or NR1H/LXR-TR bindingdeficient mutant (DID) Ncor1 20 into GW3965-treated cells and observed their effect on Scd1 expression. The results showed that overexpression of WT Ncor1 inhibited GW3965 induction of Scd1 whereas ΔID had no effect (Fig. 10A) . Consistent with this finding, Ncor1 K D partially prevented the downregulation of Scd1 expression in Ulk1 K D cells treated with GW3965 (Fig. 10B-D) at both mRNA and protein levels. Similarly, Ncor1 K D also significantly rescued the effect of Ulk1 K D on Scd1 and CASP3 cleavage in a lipotoxic environment (Fig. 10E, F) .
Taken together, our results suggested that in Ulk1 K D cells, RPS6KB1 becomes activated and leads to increased 
nuclear uptake of NCOR1 (Fig. 11) . This, in turn, increases NCOR1 interaction with NR1H/LXRs and its co-recruitment to the NR1HE on the Scd1 promoter to repress NR1H/ LXR-mediated transcription of this gene. Decreased Scd1 gene expression then leads to decreased intracellular conversion of SFAs to MUFAs resulting in less lipid droplet formation and increased intracellular accumulation of SFAs and increased lipotoxicity. Thus, this process opposes the cytoprotective effect of NR1H/LXR ligand on PA-induced lipotoxicity.
Discussion
The rapid rise in the incidence of lipid-associated metabolic diseases such as obesity, diabetes and NASH has generated strong interest in the pathogenesis and treatment of "lipotoxicity."
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SFAs released from adipose tissue can generate toxic metabolites in peripheral organs such as liver and muscle, and induce mitochondrial dysfunction, caspase activation, and apoptosis. 6 In contrast, cells exposed to unsaturated fatty acids accumulate triglycerides in LDs and channel saturated fatty acids into less toxic 
lipid pools that reduce oxidative stress. 9, 56, 57 Genes such as Scd1 are pivotal for converting saturated fatty acids to less toxic unsaturated ones that can be stored in LDs. 15 Ligand-bound NR1H/ LXRs can directly stimulate Scd1 transcription, 46 and reduce lipotoxicity by converting SFAs into MUFAs and inducing LD formation. Indeed, NR1H/LXR agonists increase triglyceride packaging into LDs by stimulating Scd1 gene expression 16 and thus decrease lipotoxicity by reducing intracellular SFA concentration and their conversion into toxic metabolites that cause oxidative damage, ER stress, and apoptosis. In addition to LD formation, the cell employs autophagy as an important mechanism to protect itself from lipotoxicity. 58 Downregulation of autophagic flux and autophagic protein levels have been closely associated with increased lipotoxicity in metabolic diseases. [58] [59] [60] [61] [62] [63] [64] [65] However, the specific role(s) of autophagy genes in protecting cells from lipotoxicity is not well understood. Furthermore, it is possible that autophagy proteins may have autophagy-independent functions that may help reduce lipotoxicity. In this study, we investigated the role of the autophagy protein ULK1 in decreasing lipotoxicity induced by SFAs in hepatic cells. Our findings showed that loss of either ULK1 expression or activity increased apoptosis when cells were exposed to lipotoxic concentrations of PA. Ulk1 deficiency decreased cell survival and was associated with decreased LD formation and Scd1 expression under these conditions. Our results showed that although autophagy is needed to protect against lipotoxicity, the effect of Ulk1 K D on Scd1 mRNA and protein expression, as well as LD formation is specific and not shared by other autophagy proteins that we examined. Although the autophagic arm of Ulk1 and other autophagy genes seems to provide cytoprotection from PA, an autophagyindependent arm of Ulk1 regulates Scd1 expression, and provides further cytoprotection from lipotoxicity.
It is noteworthy that LD and autophagosome formation frequently are spatially and temporally associated with each other. 66 Both of these organelles originate from the ER membrane and appear to be mutually dependent since common gene networks regulate their formation and the impairment of either of them often affects the function or expression of the other. 33, [67] [68] [69] Thus, our results are consistent with earlier findings that demonstrated the role of autophagy genes in the formation of LDs in C. elegans and mammalian cells. 32 , 33 Here, we showed that the formation of LDs specifically required ULK1 activity but was independent of the autophagic function of ULK1. Similarly, in this connection, another autophagy protein, MAP1LC3/Atg8 was shown to be recruited to the nascent LD surface and participate in LD formation. 35 Thus, autophagy proteins may have other important nonautophagic cellular functions. 70 Indeed, ULK1 recently was shown to participate in several other nonautophagic signaling pathways associated with cell growth and survival. [42] [43] [44] Similar to our findings, ULK1/Atg1 negatively regulates RPS6KB1 signaling either directly or indirectly by inhibiting MTORC1 activity. [49] [50] [51] It is also noteworthy to point here that inhibition of TORC1 activity in yeast increases LD accumulation, 71 suggesting the possibility of an evolutionarily conserved common mechanism for LD formation via modulation of ULK1 and MTORC1 activity. Although our results suggest that ULK1 employs a nonautophagic mechanism of cytoprotection, nevertheless we cannot exclude the possibility that increased SCD1 levels and LDs themselves may also contribute to an autophagic role of ULK1 to reduce lipotoxicity. This issue becomes even more relevant since LDs themselves now have been recognized as having a major role in autophagosome formation. 69, 72, 73 Our results showed that loss of Ulk1 led to activation of RPS6KB1 signaling and repression of Scd1 gene expression. It is known that MTORC1-RPS6KB1 signaling often is upregulated in obesity and associated metabolic diseases. 61 Since MTORC1 and ULK1 mutually inhibit each other, it is possible that an increase in MTORC1-RPS6KB1 signaling could aggravate lipotoxic injury in tissues by decreasing both Scd1 gene expression and autophagy in these conditions. In this connection, a pro-lipotoxic role of RPS6KB1 has been observed in human hepatocytes. 74 Our results indicate that although loss of ULK1 increases MTORC1 activity with the concomitant activation of RPS6KB1, the regulation of SCD1 by ULK1 seems to be exclusively RPS6KB1-mediated. The reason for this paradoxical finding is that although both knockdown (Fig. 7E,F) and pharmacological inhibition (Fig. S10) of RPS6KB1 reverses the effect of Ulk1 K D on Scd1 expression, the same effect was not observed with pan-MTOR inhibitors such as Torin1 (Fig. S10) or rapamycin (data not shown). These results could be due to an RPS6KB1-independent, and possibly antagonistic, regulation of Scd1, via a 
separate MTORC1 signaling pathway. Such an effect has been previously shown for the regulation of SREBF1 which is MTOR dependent but RPS6KB1 independent in rat hepatocytes. 75 Thus, it is possible that inhibiting general MTOR activity by Torin1 or rapamycin may decrease other pro-lipogenic signaling effects, and cancel out any increase in Scd1 expression brought upon by the loss of RPS6KB1 activity. These possibilities notwithstanding, our findings strongly show that RPS6KB1 mediates ULK1-dependent regulation of SCD1 by GW3965.
Recent studies have shown that MTORC1-RPS6KB1 can alter nuclear receptor signaling by increasing the phosphorylation and nuclear localization of the nuclear corepressor NCOR1. 52, 53 NCOR1 is a transcriptional coregulatory protein that contains several nuclear receptor interacting domains. Upon binding to nuclear receptor complexes that are associated with nuclear receptor response elements within the DNA promoter regions of target genes, NCOR1 recruits histone deacetylases that induce histone decetylation to repress transcription. 76 In this connection, livers from mice lacking functional NCOR1 had increased expression of several NR1H/LXR target genes including Scd1.
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When taken together with our results, it is likely that a RPS6KB1-driven increase in NCOR1-NR1H/LXR interaction accounts for the inhibition of Scd1 transcription observed in Ulk1 K D cells. However, it is important to note that Ncor1 K D did not rescue Scd1 expression to the same extent as RPS6KB1 K D in Ulk1-deficient cells treated with GW3965. This finding suggests that RPS6KB1-mediated suppression of Scd1 gene expression may involve other pathways besides NCOR1 phosphorylation and nuclear localization. Another intriguing observation was the selectivity of NR1H/LXR target genes affected by Ulk1 K D . Our results showed that GW3965-induced transcription was impaired for several lipogenic genes whereas other NR1H/LXR target genes such as the ABC transporter protein involved in reverse cholesterol transport 77 were not affected. Figure 11 . Proposed model elucidating the effect of ULK1 loss on SFA-induced lipotoxicity in cells. Our study suggests that besides the impairment of autophagy-mediated signaling, ULK1 downregulation in a lipotoxic environment leads to increased activation of RPS6KB1. This in turn causes increased nuclear localization of NCOR1 in the nucleus. NCOR1-mediated inactivation of NR1H/LXRs causes suppression of Scd1 transcription hence leading to an increased SFA/MUFA ratio. This would further decrease the generation of neutral LDs and eventually cause cell death via lipotoxicity.
The reason for this selective effect of Ulk1 K D is not known; however, it is possible that differential co-repressor recruitment 78 or a corepressor-independent effect of Ulk1 K D on other NR1H/ LXR target genes may be involved.
In summary, we have identified a novel autophagy-independent function of ULK1 in hepatic cells that involves inhibition of RPS6KB1 signaling and NCOR1-mediated repression of NR1H/ LXR-regulated Scd1 gene expression. Decreased Ulk1 expression leads to repression of Scd1 expression, decreased LD formation, and increased lipotoxicity and apoptosis. Our study thus demonstrates that ULK1 plays an important role in preventing lipotoxicity in mammalian hepatic cells by regulating Scd1 gene expression. Although the roles of upstream regulators such as AMPK and MTORC1 on ULK1 phosphorylation and autophagy have been well characterized, 79 little was known previously about an autophagy-independent role for ULK1 in metabolic diseases. Interestingly, we have observed a significant downregulation of Ulk1 in livers from patients with NASH that was not observed in patients with benign hepatosteatosis using a public microarray database 64 ( Fig S6) . These results suggest that decreased Ulk1 expression may contribute to the hepatic lipotoxicity in NASH.
Since SCD1 has a pivotal role in preventing lipotoxicity by desaturating SFAs and facilitating LD formation, restoration of Ulk1 expression and/or activity may potentially enhance the protective action of NR1H/LXRs in NASH and other metabolic conditions. Accordingly, enhancement of ULK1 expression/ activity or inhibition of RPS6KB1 activity may be a novel strategy for the treatment of lipotoxicity-induced diseases such as NASH when there already are manifestations of hepatic lipotoxicity. Previously, there have been concerns about the use of NR1H/LXR agonists in NAFLD since they promote lipogenesis and hepatosteatosis. Our findings suggest that these notions for NR1H/LXR agonists may need to be reconsidered in the context of NASH, particularly when lipotoxicity becomes a significant feature of NAFLD as ULK1-mediated regulation of Scd1 transcription and LD formation may offer protection to hepatic cells when challenged under such conditions. 
Materials and methods
Reagents
) and Ulk1 (Dharmacon, LU-040155-00-0002). MRT0068921 was a kind gift from Dr. Barbara Saxty (MRC, UK). pcdna3 flag -Ulk1 WT was a gift from Reuben Shaw (Addgene plasmid, 27636). 41 NCOR1 antibody used for immunoblotting has been described earlier. 20 Other chemicals were GW3965 (SIGMA-ALDRICH, G6295), palmitic acid (SIGMA-ALDRICH, P0500), oleic acid (SIGMA-ALDRICH, O1008), Torin1 (Tocris Bioscience, 4247), PF4708671 (Tocris Bioscience, 4032), PBS (SIGMA-ALDRICH, P3813) and SCD1 inhibitor (ABCAM, ab142089).
Cell culture
AML-12 (CRL-2254) cells were maintained at 37 C in DMEM-F12 1:1 containing 10% fetal bovine serum, 1x ITS (ThermoFisher Scientific, 41400), 10 nM dexamethasone and 1x penicillin/streptomycin in a 5% CO 2 atmosphere. For siRNA transfection, cells were transfected using RNAiMAX (Thermo Fisher Scientific, 13778) with either specific siRNAs or negative siRNAs, and for overexpression experiments, Lipofectamine 3000 (Thermo Fisher Scientific, L3000001) with gene specific or empty plasmids, following the manufacturer's reverse-transfection protocol. Primary mouse hepatocytes were isolated and cultured using a standard 2-step collagenase perfusion protocol. 80 For knockdown studies, cells were treated with specific siRNA (10 nM) for 24-48 h before adding PA and GW3965. PA was prepared in the culture medium containing 2% BSA (SIGMA-ALDRICH, A4612) and added to cells for 12 or 24 h as indicated. The control cells were cultured in medium containing 2% BSA. Cells were cotreated with GW3965 and other drugs along with PA wherever mentioned.
RNA isolation and real-time PCR
Total RNA was isolated and qPCR performed using the QuantiTect SYBR Green PCR Kit (Qiagen, 204141) in accordance with the manufacturer's instructions. Primer sequence were Scd1:
0 (antisense).
MicroArray and KEGG pathway analysis
Gene expression microarray profiling was performed using the MouseWG-6 v2.0 Expression BeadChip Kit (Illumina, BD-201-0202). cRNA generation, labeling and hybridization were performed at Duke-NUS Genome Biology Facility, Duke-NUS Graduate Medical School, Singapore. Gene expression signals were quantile normalized, and differentially expressed genes were identified via analysis of variance, using treatment-specific contrasts (Partek Genomics Suite software, version 6.6). Statistical significance of differentially expressed genes was ascertained in terms of the false discovery rate. Complete dataset was submitted to GEO repository (GSE74059). Principal components analysis (PCA) based on gene expression demonstrated a clear separation between the 3 experimental groups and no outliers. Pathway enrichment analysis was conducted via the Gene Set Enrichment Analysis tool using a list of KEGG pathways extracted from the Molecular Signatures Database. For analysis of Ulk1 expression in human NASH and steatosis a publically available database was used. 64 The data set is accessible at the ArrayExpress public repository for microarray data under the accession number E-MEXP-3291 (http://www.webci tation.org/5zyojNu7T). The distribution of Ulk1 gene expression in Control, NASH and steatotic samples was ascertained via boxplots, and the statistical significance of expression differences across the 3 groups was determined via ANOVA. All calculations were performed in the statistical package, R 3.2.3.
Western blotting
Cells or tissue samples were lysed using CelLytic TM M Cell Lysis Reagent (Sigma, C2978) and immunobloting was performed as described previously. 40 Image acquisition was done using ChemiDoc (Bio-Rad ChemiDoc TM MP System,1708280). Densitometry analysis was performed using ImageJ software (NIH, Bethesda, MD, USA).
Immunofluorescence studies
Immunofluorescences experiments were performed as described previously. 40 In brief formalin-fixed cells were permeabilized with 0.1% Triton X-100 (SIGMA-ALDRICH, X100) in PBS for 5-10 min and blocked with 3% BSA-PBS for 30 min at room temperature. Cells were incubated with the primary antibody (1:200 in 3% BSA-PBS) overnight at 4 C and cell imaging was performed using an Operetta Ò High Content Imaging System (PerkinElmer, MA, USA). BODIPY 493/503 (Thermo Fisher Scientific, D3922) was dissolved in ethanol to give a stock of 1 mg/ ml. Cells were stained for 15 min at 1:1000 dilution, washed with PBS 3 times, and observed using an Olympus fluorescence microscope and 20X magnification. TUNEL assay was performed as per the manufacturer's instructions using the In Situ Cell Death Detection Kit, Fluorescein (Roche, 11684795910).
Lipid peroxidation measurement
Lipid peroxidation was measured using the TBARS Assay Kit (CAYMAN CHEMICALS, 10009055).
Transmission electron microscopy
Cells were seeded onto 4-chambered coverglass (Lab-tek Chambered Coverglass System, Nalgene-Nunc, Rochester, NY, USA) at a density of 2X10 4 cells/ml (14,000 cells/well). After treatment cells were fixed with 2.5% glutaraldehyde and washed 3 times with PBS. Subsequent post-fixation with 1% osmium tetroxide followed by dehydration with an ascending series of alcohol before embedding samples in araldite (SIGMA-ALDRICH, A3183). Ultrathin sections were cut and doubly stained with uranyl acetate and lead citrate. Images were acquired using the Olympus EM208S transmission electron microscope.
Viability and apoptosis measurements
Cell viability was assessed using CellTiter 96 Ò AQueous One Solution Cell Proliferation (MTS) Assay (Promega, G3582). For the sub-G 1 peak assay to measure apoptosis cells were harvested and fixed in 70% (vol/vol) ethanol. The cells were then stained with propidium iodide for 20 min in the dark. At least 1 £ 10 5 stained cells were analyzed for sub-G 1 profile on a (MACSQuant Analyzer 10, Miltenyi Biotec,Germany). The results presented are averages and standard deviations from 3 separate experiments.
NCOR1 IP and ChIP
Immunoprecipitation was performed with antibodies against control IgG and NCOR1 antibodies using the immunoprecipitation starter pack (GE Healthcare,17-6002-35) as per the manufacturer's protocol followed by immunoblotting. The ChIP assays was performed using EZ-Magna ChIP TM G-Chromatin Immunoprecipitation Kit (Millipore, 17-610) according to the provided protocol.
Eluted DNA was purified with the QIAamp DNA Mini Kit (Qiagen, 51304). Immune-precipitated DNA (2 ml) and 1% input DNA was used with QuantiFast SYBR Green PCR Kit (QIAGEN) for 40 cycles of qPCR using the Rotor-Gene Ò Q qPCR machine (Qiagen). A primer set spanning the Scd1 promoter NR1HEs from ¡1140 to ¡1033 (forward primer 5 
Calculations and statistics
Results were expressed as mean § SD. The statistical significance of differences ( Ã P < 0.05) was assessed by ANOVA analyses followed by Tukey's post-hoc when comparing different groups. 
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